Background: No serological assay has 100% sensitivity. Statistically, the concentration of specific antibodies 1 7 against antigens of parasites decreases with the duration of infection. This can result in false negative outputs of 1 8 diagnostic tests for the subjects with old infectiong, e.g., for individuals infected in childhood. When a property 1 9 3 1 expanded by skewness analysis, which helps to estimate the proportion of false negative subjects based on the 3 2 assumption of equal data skewness in groups of healthy and infected individuals. 3 3 Conclusions: Based on the results of simulations and our experience with empirical studies we recommend the 3 4 usage of permutation test for contaminated data whenever seronegative and seropositive individuals are 3 5 compared.
Introduction 4 0
The reported decrease of specific antibodies with time from the onset of infection increases the risk of 1 1 1 For comparison, the same computer simulation was conducted for a population of 150 seropositive and 150 1 1 2 seronegative individuals where 5% of seronegative individuals were false negative individuals with extremely 1 1 3 low intelligence (example in Figure 1B ). The average p-values of the permutation test for contaminated data are 1 1 4
in Table 2 . The graphical representation of the difference between a p-value for 0 % of relocated subjects and 1 1 5 other contamination levels is represented in Figure 2B , and the probability of increase of p-value is shown in 1 1 6 Table 4 and Figure 3B . In this case, the p-value decreases with the proportion of relocated individuals as 1 1 7 expected. 1 1 8 1 1 9 The probability that p-value will increase for specified fraction of relocated individuals in a particular 1 4 3 simulation run as compared to 0 % of relocated seronegative individuals. The simulated population are identical 1 4 4 to the population represented in Table 1 . The graphical summary can be found in Figure 3A . The probability that a p-value will increase for a specified fraction of relocated individuals in a particular 1 5 4 simulation run as compared to 0 % of relocated seronegative individuals. The simulated population are identical 1 5 5 to those represented in Table 2 . The graphical summary can be found in Figure 3B . and 150 seronegative individuals where 20% of seronegative subjects were false negative individuals with 1 6 0 extremely low intelligence ( Figure 1C ). A similar one-tailed permutation test as in previous simulations was run 1 6 1
as it was hypothesised that the average trait value of the healthy group is actually higher despite the paradoxical 1 6 2 situation. The graphical representations of the results are in Figure 2C and Figure 3C . The second test with the 1 6 3 same sample generation algorithm (150 seropositive, 150 seronegative, 20% false negative) was set to follow the 1 6 4 default setting of the permutation test for contaminated data, which assumes the non-paradoxical situation and 1 6 5 therefore relocates seronegative individuals with high trait value, thus widening the gap between the groups.
6 6
Yielded p-value of one-tailed permutation test is then the proportion of random samples after relocation where 1 6 7 the difference between groups (seronegative -seropositive) was lower than in the original sample ( Figure 2D and 1 6 8 Figure 3D ). In both simulation tests on a sample with 20% contamination, the p-value of respective one-tailed 1 6 9 permutation test decreased, so this sample was clearly distinguishable from the case in which no false negative 1 7 0 subjects were present.
7 1
The appropriate direction of subject relocation can be determined on the basis of a skewness analysis of 1 7 2 the original sample, which is available in the R version of the test 9 if a parameter skewness.analysis is set to 1 7 3 TRUE. The skewness analysis and its usage for the assessment of group mean order as well as the contamination 1 7 4 level estimation is described in the Appendix of this paper. Using a two-tailed test is also worth consideration in The results of simulation showed that the permutation test for contaminated data does not provide more 1 9 4 significant results than a standard permutation test if the experimental data does not contain a subpopulation of 1 9 5 false negative subjects. This test is conservative when its usage is not necessary and allows one to avoid false 1 9 6
negative results in the case of data contamination. This is due to the higher difference between the relocated 1 9 7 seronegative and the original seropositive group in the presence of false negative data. The referential set of 1 9 8 permutations with relocation remains the same in both cases, while the relative change in inter-group difference 1 9 9 1 0 after relocation maintains an intermediate position between those two options (see Figure 4 ). Therefore, the 2 0 0 positive result of this test, i.e. lowering the p-value with the growth of the proportion of relocated individuals, 2 0 1 itself supports the hypothesis that the set of seemingly parasite-free subjects contains false negative subjects, 2 0 2 who, most probably, have become infected a long time ago or in very young age. The increase in p-value in the case of non-contaminated data is much smaller than the increase caused by 2 0 9 possible contamination, which can completely wipe out the actual inter-group difference or even cause a 2 1 0 paradoxical switch of the group mean order. (See Table 5 Based on the theoretical grounding described above and our experience with the research of two 2 2 0 unrelated species of parasites, Toxoplasma gondii 5, 10 and human cytomegalovirus 6 , we strongly recommend the 2 2 1 usage of permutation tests for contaminated data 9 whenever any properties of parasite-infected and parasite-free 2 2 2 individuals are compared. The authors declare to have no conflicts of interest.
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The estimation of the actual contamination level is very difficult to discern and should be investigated more in 2 3 6 future research. For now, we can seek assistance in a skewness analysis, which compares the skewness of trait 2 3 7 value distribution in seropositive and seronegative groups. Skewness is defined as third standardized moment 2 3 8 measuring the asymmetry of the probability distribution. We assume that healthy and infected individuals have are relocated prior to actual false negative individuals. For the same reason, however, we can suggest that the 2 5 9 between-group difference for the relocated fraction where the group skewness are most similar (described above) 2 6 0 closely matches the actual between-group difference in non-contaminated populations without false negative 2 6 1 subjects.
6 2
The difference between skewness coefficients in seropositive and seronegative groups in the original 2 6 3 sample without relocated individuals can also be evaluated in the R version of the permutation test for 2 6 4 contaminated data 9 (set skewness.analysis to TRUE). This analysis allows one to appropriately assess whether 2 6 5 the seronegative group includes false negative subjects from the extreme tail of the distribution of infected 2 6 6
individuals. By default, the permutation test for contaminated data assumes that the observed order of mean 2 6 7 values of seropositive and seronegative groups accurately reflects the state of things in correctly determined 2 6 8 healthy and infected groups. Therefore, the function will gradually relocate individuals from the lower tail of the 2 6 9 distribution if the seronegative mean trait value is higher than the seropositive mean and vice versa (this can be 2 7 0 changed by the parameter higher.healthy). If we do not alter default setting in paradoxical situations ( Figure 1C ), 2 7 1 in which the order of group means was changed due to contamination, the test algorithm will increase the mismatching the extreme tail of infected individuals as seronegative will alter the skewness of both groups 2 7 8
substantially. Under an extreme proportion of false negatives, the skewness of both groups might actually be 2 7 9
shifted in the same direction (e.g. positive in cases similar to the example in Figure 1C ). However, the skewness 2 8 0 of seropositive group will be still substantially more deflected than the skewness of the seronegative group, so 2 8 1 the skewness analysis will return reliable results. Permutation test for contaminated data 
